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I - INTRODUCTION

The use of inert gases in electric thrusters was studied in this in-
vestigation. Of the inert gases, the one whose physical characteristics are
most suited to space propulsion is xenon. High atomic weight and ease of
storage with low tankage fraction are the major factors in this choice.
Argon is a more economical altermative for space propulsion if a large
amount of propellant is required (so that cryogenic storage is practical)
and readily available electric power makes efficiency (and hence atomic
weight) less important. Argon is also the preferred propellant for the
sputter etching and deposition applications of thruster technology. Per-
formance with argon is a larger departure from the usual thruster performance
with mercury or cesium, hence argon was emphasized over xenon. Inert gases
other than argon or xenon were also used to obtain better insight into
various physical processes.

The major efforts of this investigation were on the discharge chamber,
the hollow cathode, and the doubly charged ion model. There was a smaller
effort on the isolator. The advances in discharge-chamber technology have
been included in a recent publication on multipole gas thruster design1 and
will not be repeated here. The advances in the other areas are included
herein, with a section devoted to each area. SI (rationalized mks) units

are used in this report unless otherwise indicated.



II - HOLLOW CATHODE

by Larry A. Rehn

BACKGROUND

The major objective of this study was to gain a greater understanding
of the theory and operation of inert-gas hollow cathodes, and thereby
facilitate the achievement of long operating lifetimes. A secondary
objective was ease and reliability of starting. Both argon and xenon were
of interest for possible future missions, although argon was emphasized be-
cause it represents a greater departure from the usual thruster propellants
of cesium and mercury. Other inert-gas propellants were also used to give
additional insight into hollow cathode operation.

During the previous support period of this grant the hollow cathode
configuration consisted of a thermionic emitter inside a cathode chamber
of several centimeters diameter.l Such an internal emitter permitted
reproducible emission characteristics without the coating and conditioning
problems of barium strontium oxides. An internal emitter also facilitated
starting without high voltage, and should have a longer lifetime inside
a hollow cathode than exposed to the ion-chamber discharge. The use of
a bias voltage between the internal emitter and the cathode chamber was
found to extend the operating range and eliminate plasma fluctuations, as
well as facilitate reliable starting.

The lifetime limitation for a hollow cathode results from the erosion
caused by ions from the surrounding plasma falling back on the orifice
region. Because of this erosion problem, improvements in hollow-cathode
performance have been directed at either a reduced coupling voltage for

a given emission or an increased emission for a given coupling voltage.



For long lifetimes, the coupling voltage should be low encugh to reduce

the energy of the bombarding ions below the threshold value. For tungsten,

the threshold energy ranges from about 25 to 35 eV for neon, argon, krypton,

xenon, and mercury ions, with an uncertainty of perhaps 5 eV for data with

. 2,3

any one of these ions.
During this last year, argon neutralizer tests with an operating

4

thruster were conducted first by Sovey’ and later as part of this grant
activity. These tests gave consistently lower coupling voltages (hence
longer expected lifetimes) than had been obtained in bell jar tests. This
result was unexpected in that the bell jar tests had been conducted with
configurations that had given an acceptable simulation of thruster operation
with mercury propellant. The resolution and understanding of the differences
between bell jar and operating thruster tests was a major aspect of the
hollow cathode work during this last year. In addition to tests in both
bell jar and thruster environments, the two cathode types shown in Fig. 2-1
were investigated. The conventional hollow cathode type (Fig. 2-1 (a)) is
similar to configurations used for many years with mercury propellant, while
the internal emitter type was explored during the previous support period

of this grant. As the differences between bell jar and thruster operation
became better understood, the differences in the two environments were found
to be more important than the differences in the two cathode types. The

emphasis therefore shifted to the conventional cathode type, which is more

suited to flight applications.

APPARATUS AND PROCEDURE
The conventional hollow cathodes that were tested (Fig. 2-1 (a)) were
all fabricated of 6.35-mm diameter tantalum tubing with a matching tip of

1-mm thick thoriated tungsten. Ten-ampere swaged heater wire was wrapped
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for about 1 cm near the tip and covered with tantalum foil to reduce the
radiation heat loss, The inserts were close fitting porous tungsten
cylinders 13 mm long with 2.5 mm holes through the axis. These inserts

were impregnated with a mixture of barium and strontium oxides. A small
quantity of this oxide mixture was added when starting became difficult

due to air entering the feed line. (This problem was subsequently solved
by a more careful purging technique.) Radiation fins, when used, were 17 mm
in diameter and 0.5 mm thick. They were made of tantalum and were electron—
beam welded to the outside edge of the cathode tip. Orifice sizes used in
the conventional hollow cathodes were 0.41, 0.61, and 0.79 mm. The first
two were straight cylindrical holes, while the last was chamfered at the
downstream end.

The internal emitter type of hollow cathode was varied slightly in
diameter for different tests, but was always within the broad optimum of
2 to 3 cm determined in previous tests.l The side wall and back plate of
this cathode were made of 1.5 mm thick stainless steel, while the orifice
plate was made of 1.0 mm tantalum. Although various orifice sizes were
studied in earlier investigations, only data for a 2-mm orifice are in-
cluded here. The internal emitter was a loop of 0.25-mm diameter tungsten
wire, which had a total length of 3 to 4 cm.

Initial bell jar testing of the internal emitter type of cathode
employed a 15-cm thruster simulator in an attempt to duplicate the operating
environment of the main cathode. (An electrical block diagram for the
thruster simulator and the other two basic cathode configurations is shown
in Fig. 2-2.) The use of a stainless steel screen 2.5 cm downstream of the
orifice decreased the cathode coupling voltage, but not enough to approxi-

mate actual operating conditions for either discharge-chamber or neutralizer
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cathodes. A more complete description of this thruster simulator can
be found in the preceding annual report.

Later bell jar tests used stainless steel disks for the anode (without
the thruster simulator). (See Fig. 2-2(b).) These disks were 2 to 3 cm
in diameter and 1.6 mm thick. Data are presented herein for anode-cathode
separations of 4.25 mm and 10 mm,

The neutralizer tests were conducted in the 1l.2-m diameter vacuum
facility. (See Fig. 2-2(c).) A 15-cm multipole thruster with an 8.1-cm
long chamber was used for all neutralizer tests. This thruster is described
in the preceding annual report. A beam current of 250 mA was used for all
tests. When argon was used as the propellant, the total neutral flow to
the thruster was kept constant at 400 mA-equivalent. The location of the
neutralizer relative to the thruster accelerator system is indicated in
Fig. 2-3. Although the internal emitter type of cathode is shown in
Fig. 2-3, the orifice of the conventional hollow cathode (when used) was
placed in the location shown for the orifice of the intermal emitter type.

Langmuir probes were used to determine plasma properties in some of
the tests. In the bell jar the probe was 0.64-mm diameter tantalum wire,
exposed for a 2 mm length. The probe location in these tests was midway
between the cathode orifice and the anode disk. The probe for the neutral-
izer tests was the same, except that a l-cm exposed length was used. The
location in the neutralizer tests was at the center of the beam, 5 cm down-
stream of the accelerator grid. In both cases the Debye length was compa-
rable to the probe diameter, so that a thick-sheath probe analysis was
necessary.

A heater current of 7 amperes was used for the internal emitter cathode.

During long runs in the bell jar, heater current adjustments were made to
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maintain a standard bias current when operated in the bias mode. This
procedure has been described previously.l The equivalent emission calibra-
tion for the conventional hollow cathode was established with a temperature
measurement, as explained later. An optical pyrometer was used to deter-
mine the temperature of the tip near the orifice. The absolute accuracy

of these temperature measurements was limited by the usual problem of
viewing through thick glass, but the repeatability of measurements was

within about * 5°C.
EXPERIMENTAL RESULTS

Internal Emitter Hollow Cathode

The performance of the internal emitter hollow cathode is shown in
Fig. 2-4 for several propellant flow rates. The disk anode was used for
these data, with an anode-cathode spacing of 4.25 mm. The chamber diameter
of this cathode was 2.5 cm in diameter and a 2 mm orifice was used. The
cathode body was at ground potential in the test configuration used. The
discharge voltage Vd was the positive potential of the anode relative to
ground. (The emitter was heated with alternating current. "Emitter potential"
was the centertap potential of the heater-transformer secondary.) This type
of cathode therefore had a bias current Ib (emitter to cathode body) in addi-
tion to the discharge current Id (cathode body to anode).

As shown in Fig. 2-4, the discharge voltage at a given discharge current
decreased with increasing propellant flow. This general performance trend
was typical of all hollow cathodes tested so far. The curve shapes tended to

remain the same for different anode~cathode spacings, but shifted to higher

voltages for larger spacings. The shape of the curves shown in Fig. 2-4 was
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also typical for bell-jar operation with a disk anode, in that the current-
voltage characteristic for a fixed propellant flow rate could be approximated
by a straight line over most of the range investigated.

The performance of the internal emitter cathode when used as a neutralizer
is shown in Fig. 2-5. (The configuration shown in Fig. 2-3 was used for this
test.) The orifice size was 2 mm, while the cathode-chamber diameter was
3 cm. The latter was slightly larger than the 2.5 cm used for the data in
Fig.2-4, but this difference was not enough to give any significant change in
performance. Equipment limitations with these data also limited the coupling
current to about 1 ampere. The curve shapes shown, though, are typical of
neutralizer tests. The coupling voltage at a given coupling current decreased
with increasing propellant flow. This decrease in coupling voltage was
largest between 200 and 300 mA-equivalent. At, or above, 300 mA-equivalent
the curves were somewhat '"S" shaped, with a central plateau in which small
changes in coupling voltage gave large changes in current. The "S" shaped
curveé were typical for neutralizer operation at high propellant flow rates,
and have also been observed in many previous tests with the 15-cm thruster
simulator.l

In the configuration used for the neutralizer tests the cathode is
biased negative relative to the vacuum facility. The voltage difference
between the cathode and the facility is the coupling voltage ch shown in
Fig. 2-5. Because the ion beam is more positive than the vacuum facility,
there is still a voltage difference between the cathode and the ion beam at

a zero value of VC Nonzero coupling currents were therefore observed at

£
zero coupling voltage in Fig. 2-5,

A comparison of internal emitter cathode performance as a neutralizer

and with the 15-cm thruster simulator is shown in Fig. 2-6. The operating
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conditions are not precisely the same, but the similarity of curve shape
is clearly evident. Despite a lower propellant flow rate, the neutralizer
cathode operated at 7 to 10 V lower in coupling voltage. The coupling
voltage for the neutralizer was defined as described above, so therefore
does not include the potential difference between the ion beam and the
vacuum facility. The coupling voltages for neutralizer operation, though,
approximate the values found acceptable for mercury propellant neutralizers,

while the coupling voltages for thruster-simulator operation are too high

over most of the operating range. The results shown in Fig. 2-6 are typical

of all comparisons between neutralizer and thruster-simulator operation.

Conventional Hollow Cathode

The performance of a conventional hollow cathode with a disk anode is
shown in Fig. 2-7 for several krypton flow rates. Similar to the data
shown in earlier curves, the voltage at a constant current tends to decrease
as propellant flow rate is increased. The data of Fig. 2-7 were also selected
to show double valued voltages for a single current. Similar double valued
performance has been observed several times and is believed to be a real
effect rather than a data error.

The data for each mass flow rate in Fig. 2-7 were obtained at a constant
tip temperature. The choice of a constant temperature value was not completely
arbitrary because a cathode would usually operate over only a limited range.
The usual procedure for setting tip temperature was to use a mean value for
a range of heater powers and discharge currents. This mean value was then
held constant by varying the heater power as discharge current was varied.

A comparison between bell-jar and neutralizer operation is shown in
Fig. 2-8. Note that the coupling voltage is again higher for the bell-jar

operation, despite a higher propellant flow rate for those data. Similar to
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the earlier observation with internal emitter cathodes, a nonzero neutralizer
coupling current was observed at zero coupling voltage (ch).

The effect of varying keeper current is shown in Fig. 2-9 for one pro-
pellant flow rate. There is a clear trend to higher coupling current and
lower coupling voltage as the keeper current is increased. Although this
trend continued at higher keeper currents, the keeper became very hot (incan-
descent) at, or above, 0.4 A, As a result most subsequent tests were conducted

at a keeper current of 0.3 A.

The data of Fig. 2-9 were obtained at constant heater power, with the
tip temperature allowed to vary. Most of the same data are shown in Fig. 2-10,
together with the corresponding tip temperatures. The tip temperature
increases continuously with increasing coupling voltage and current for
keeper currents of both 0.13 and 0.3 A. TFor a keeper current of 0.4 A,
however, the tip temperature reaches a minimum between coupling currents of
0.1 and 0.2 A, It is significant that the range of temperatures shown in
Fig. 2-10 has been shown to be consistent with long insert life in studies
conducted by Wilbur.6

Data from another study involving cathode temperature are shown in
Fig. 2-11. The cathode used had a heat radiation fin and was operated at
nearly constant tip temperature by varying heater power from O to 150 W.
The tip temperature is shown by the upper curve. The voltage-current per-
formance as a neutralizer is shown by the middle curve. Note that the double
valued curve shown is similar to that discussed in connection with Fig. 2-7.
The use of a heat radiation fin and a larger orifice permitted significantly
larger coupling currents for a given temperature (Fig. 2-11 versus Fig. 2-10),
but an increase in propellant flow rate is probably also required. The lower

curve in Fig. 2-11 shows the variation of heat fin temperature, which roughly
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Figure 2-11. Conventional hollow cathode with a heat radiation fin.
Tip temperature held nearly constant.
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follows the variation in heater power. Because of the T4 relationship for
radiation, the heat fin can play an important role in maintaining the proper
tip temperature. At a coupling current of 5 A, the discharge power (coupling
current times coupling voltage) was 140 W. Most of this power is probably
absorbed by the tip--without raising the tip to an excessive temperature.
Neutralizer performance for several propellant flow rates is shown in
Fig. 2-12. As shown before, there is a general trend towards decreased
coupling voltage and increased current for an increase in propellant flow

rate. Note that the tip temperatures cover a range of only 70°, except for

the 50 mA-equivalent flow rate. The higher temperature was required for
stable operation at this low flow rate. 1In general, operation at marginal
conditions required higher tip temperatures.

To summarize the effects of the different conventional hollow cathode
configurations, both heat fins and larger orifices clearly raise the current
capacity at a given tip temperature. An increase in orifice diameter should
also be accompanied by an increase in propellant flow rate if the full benefit
of the larger orifice is to be obtained. These effects of heat fins and
orifice size are all consistent with previous experience using mercury

propellant,

Plasma Coupling Voltage
Proper simulation of cathode operation in a thruster has been a recur-
rent problem in the study of inert-gas hollow cathodes. Such simulation is
desirable because bell-jar operation uses less manpower and equipment, hence
permits a broader investigation with the same total resources. The compari-
sons shown in Figs. 2-6 and 2-8, however, clearly show that the same or
similar cathodes can give significantly different performance for differeng

i

test environments.
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0.635 cm Conventional Hollow Cathode
Heat Radiation Fin; O.4! mm Orifice

Neutralizer for 15 cm Thruster

Argon -1.2 m Vacuum Facility
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Figure 2-12. Effect of propellant flow rate on neutralizer performance of
a conventional hollow cathode.
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In order to better understand the problems of simulating cathode per-
formance in a thruster, a number of plasma probe measurements were made. The
coupling voltage between a conventional hollow cathode and the vacuum facility
(neutralization configuration) is shown in Fig. 2-13 for one propellant flow
rate. (The data shown for this curve are the same as the 400 mA-equivalent
data shown in Fig. 2-12.) Also shown in Fig. 2-~13 is the coupling voltage
between the cathode and the plasma potential at the center of the ion beam.
This plasma potential is positive relative to the facility, so that the
coupling voltage to the plasma is the sum of the plasma potential and facility
coupling voltage. Both curves of coupling voltage show the same general
shape. As indicated earlier, the larger coupling voltage to the plasma
permits the cathode to emit at zero coupling voltage to the facility (Figs.
2-8 through 2-10). Inasmuch as the center of the ion beam close to the
thruster is the most positive plasma potential in the beam, this location
can also be used to define the maximum ion energy for cathode erosion. The
number of ions from this location that reach the cathode, though, is probably
very small. Acceptable lifetimes should therefore be obtained with plasma
coupling voltages somewhat above the sputtering threshold. From the plasma
coupling voltages shown, the neutralizer configuration used should show long
lifetimes for neutralization currents up to about 1 ampere.

The same conventional hollow cathode configuration as used for Fig.

2-13, except without a radiation heat fin, was operated with krypton pro-
pellant. In the neutralizer configuration, Fig. 2-14, the plasma and facility
coupling voltages again show similar curve shapes. As with argon, the plasma
coupling voltage is larger than the facility coupling voltage.

The same cathode as used for Fig. 2-14 was also tested in a bell jar with
a disk anode. As shown in Fig. 2-15, the plasma coupling voltage was substan-

tially less than the discharge voltage. (In this case the plasma coupling
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Neutralizer for 15 cm Thruster
Argon - 1.2 m Vacuum Facility
p=1.8%x10"% Torr

m= 400 mA-Equiv

Ix =0.3 A

= o
7o  T1=965°C

60

SO

Voltage, V
D

(o)

1 1

0

W
o)
T

20} o

O Coupling Voltage to Facility, Vg
O Coupling Voltage to Plasma, Vgp= Ve + V,

o! 1 1 1 1 1 L 1 1 I !

o I 2
Coupling Current, I., A

Figure 2-13. Comparison of facility coupling voltage with plasma,
coupling voltage. Neutralizer configuration with argon
propellant.
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Comparison of facility coupling voltage with plasma coupling voltage.

Neutralizer configuration with krypton propellant.
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Comparison of anode coupling voltage with plasma coupling
voltage. Disk anode configuration in bell jar with krypton
propellant.
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voltage is defined by a Langmuir probe midway between the anode and cathode.)
Further, the curve shapes for the two coupling voltages are clearly different.
The curves for anode coupling voltage are similar to those obtained with
argon (Fig. 2-7). The curves for plasma coupling voltage, though, show the
extended horizontal shapes more characteristic of neutralizer operation. The
small increase in plasma coupling voltage for the 200 mA-equivalent curve at
small discharge currents is not believed to be significant, inasmuch as it
is within the accuracy of plasma probe data.

The plasma coupling voltages for bell-jar and neutralizer operation are
compared in Fig. 2-~16. The difference between the two is substantial at
100 mA-equivalent, and can probably be explained as the difference between
spot and plume mode. That is, small differences in configuration parameters
are known to change the mode when operation is close to the transition be-
tween the two modes. As a specific example, the tip temperatures were
significantly higher in the bell jar than when operated as a neutralizer.
The curves for the higher propellant flow rates are quite similar, with the
major difference only in voltage level. The plasma potential in an ion beam
often varies by 10 or 20 volts,] so that the difference between the two curves
could possibly be explained in terms of the potential difference between the
neutralizer location and the center of the ion beam. It would therefore be
expected that the agreement between bell jar and neutralizer operation shown
in Fig. 2~16 would be much closer if the neutralizer plasma potential were

measured close to the neutralizer instead of in the center of the ion beam.

Operating Mode and Electron Emission
Inasmuch as hollow cathodes have been extensively tested with mercury
propellant, the information obtained with mercury should serve as a guide in

the interpretation of inert-gas test results. Hollow cathode tests with
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Figure 2-16.. Comparison of plasma coupling voltages for bell jar and neutralizer
configurations. Krypton propellant.
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mercury propellant show at least two distinct modes of operation. ? For

high propellant flow rates, small anode-cathode separatioms, and high electron

emissions the spot mode is obtained. Low stable coupling voltages and an
intense plasma glow, or spot, near the orifice are the electrical and visual
indications of this mode. For low propellant flow rates, large anode-cathode
distances, and low electron emissions the plume mode is obtained. High
coupling voltages, often fluctuating, and a glowing plume downstream of the

orifice (in addition to the glowing spot at the orifice) are the indications

of the plume mode. An intermediate transition mode has also been observed
with metallic anodes. 1In this mode the voltage fluctuations can be large
and the plume is visible only near the anode. Some of the operating charac-
teristics with spot and plume modes are indicated in Fig. 2-17, which is
reproduced from Csiky.

More recent plasma measurements by Wilburlo support the viewpoint that
the differences between spot and plume modes are associated primarily with
changes in the plume region. For either mode, the average Debye length in
the vicinity of the orifice is within a factor of several of 10 - mm. The
orifice diameter is thus equivalent to many Debye lengths and the plasma
should easily penetrate the orifice in either mode. The electron density
in the plume region averaged about a factor of 10 léwer than the spot mode,
while the plasma potential downstream of the orifice was larger by several
volts in the plume mode. It appears that the ions required to neutralize the
electron space charge come from the orifice in the spot mode. This interpre-
tation is supported by the lack of glow, the high electron density, and the
more uniform plasma potential in the plume region for the spot mode. For the
plume mode, the charge-neutralization ions appear to be generated within the

plume region. The glowing plume and higher overall voltages and electron
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energies support this viewpoint. Also, the more adverse electric fields down-
stream of the orifice would tend to prevent ions from leaving the orifice and
entering the plume region. In the spot mode, then, the charge-neutralizing

ions are perhaps carried from the orifice to the plume region by the collisions
with neutral atoms or molecules. In the plume mode, plasma mechanisms involving
energetic electrons produce these ions within the plume region. It also appears
(from both Wilbur's and previous experiments by others) that the plume glow

tends to originate near a metallic anode and progresses upstream towards the

orifice with increasing departures from spot mode conditions. The upward-
turned anode sheath (Fig. 2-17(b)) is an obvious plume-mode mechanism for
generating ions. The electrons are accelerated as they approach the anode,
typically reaching ionization energy at the equilibrium condition of ion
generation. This anode mechanism has been studied in gas discharges and is

described by Cobine.ll

The electron emission from a mercury hollow cathode appears to be due
only in part to the thermionic emission from the oxide coated or impregnated‘
insert. This conclusion is supported by test results obtained by Wilbur.
Using a calibrated thermionic emitter inside an otherwise conventional hollow
cathode, the total cathode emission was two or three times the emitter
emission. This result, together with the intense glow in the orifice, clearly
indicates that the insert emission is augmented by a discharge mechanism
within the orifice. A study by Bessling13 offers a combination of high field
and thermionic emission within the orifice as an additional source of electron
emission. Further, this emission within the orifice is localized at surface
irregularities, with the intensity of the currents sufficient to cause

localized melting in some cases, To complete the picture, the emitted

electrons also produce electron-ion pairs within the orifice volume. The
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ions that recombine on the orifice walls correspond to an additional emission
of electrons.

To the extent that measurements and observations have been made with
inert-gas hollow cathodes, they have generally been in agreement with the
preceding summary for mercury propellant. One aspect where the agreement
has been less clear is the plume luminosity. In going from spot to plume
mode with argon, with the mode indicated by electrical measurements, no large
change was observed in plume luminosity. The usual appearance with argon was
a visible (but not bright) plume, regardless of mode. Fewer observations
were made with krypton, but there were similar difficulties in determining
the operating mode from plume luminosity with that propellant.

Another area of possible disagreement involves plasma potential measure-
ments. Measurements by Csiky, Fig. 2-17(b), showed that spot-mode plasma
potential was close to the anode potential for some distance upstream of the
anode. For the plume mode, the upturned sheath near the anode was more
typical. For inert-~gas operation, however, the upturned sheath at the anode
was typical of all operation in whicﬁ probe measurements were made (see
Fig. 2-15). There have not been enough plasma potential measurements for
either mercury or inert gases to draw firm conclusions, but it appears
that this sheath effect may be the cause of the high coupling voltages
with inert gases and a disk anode. As described by Cobine,11 this upturned
sheath is enhanced by reducing anode area. Larger anode areas may therefore

reduce this effect and permit better simulation of thruster operatiom.

A possibly related phenomenon is the adsorption of mercury on surfaces

14
below about 300°C. These adsorbed layers may offset a small anode size

when mercury propellant is used with a disk anode. Inert gases are not

adsorbed on surfaces at normal operating temperatures,15 so could not offset
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an area effect in a similar manner. More complete plasma measurements will
clearly be required to resolve this apparent discrepancy between mercury and

inert~-gas propellants.

SEM Photographs

Photographs were taken with a scanning electron microscope (SEM) both
before and after testing a new cathode with krypton propellant. The specific
results have limited interest because of the propellant, but the technique
of using SEM photographs of hollow cathodes has important implications for
future work.

A 0.61 mm orifice was drilled in the thoriated tungsten tip of a
0.635 cm conventional hollow cathode with a number 73 carbide bit. The
photographs shown in Fig. 2-18 were taken before the cathode had been tested,
while those in Fig. 2-19 were taken after 3% hours of operation at nearly
constant conditions. The average operating parameters were at a tip tempera-
ture of 950°C, a propellant flow rate of 300 mA-equivalent, a coupling
voltage to the disk anode of 35 V, and a coupling voltage to the plasma of
18 V.

Figure 2-18(a) is reproduced herein at a magnification of about 108.
Metal flakes from the drilling can be seen along the edge of the orifice.
The area between the vertical lines in Fig. 2-18(a) is reproduced in Fig.
2-18(b) at a higher magnification, and a portion of the latter is reproduced
at a still higher magnification in Fig. 2-18(c). (Note that the sample was
rotated between Figs. 2-18(a) and (b).) The large artifact inside the orifice
(assumed to be a tungsten chip) is about 28 microns long. The surface
scratches are 1 to 2 microns wide.

Figure 2-19(a) shows the entire cathode orifice after testing. An

enlargement of the "8 o'clock" portion of the orifice in Fig. 2-19(a) is
p



Figure 2-18.

(3) Magnification 108

(b) Magnification 300

Cathode orifice before operation.
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(¢) Magnification 700

Figure 2-18. Concluded.
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(b) Magnification 960

Figure 2-19. Cathode orifice after operation.
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(d) Magnification 4800. Right edge adjoins the left edge of photo (c).

Figure 2-19. Concluded.




39

shown in Fig. 2-19(b). This latter photograph covers about the same area as
Fig. 2-18(b). (Both Fig. 2-18(b) and Fig. 2-19(b) are about 180 degrees from
the backwards "N," which is visible in both Fig. 2-18(a) and Fig. 2-19(a).)
The artifact of Fig. 2-18(b) has clearly been restructured and only extends
some 6 microns into the orifice after testing. Most of the fine surface
scratches have also disappeared. Figure 2-19(c) shows the same artifact at

a higher magnification, while Fig. 2-19(d) shows the area to the left of

Fig. 2-19(c) at a slightly higher magnification. The smallest round shapes
shown in Fig. 2-19(d) are 2000 to 4000 Z in diameter.

The restructuring of the artifact shown in Figs. 2-18(b) and 2-19(b)
appears to be the result of melting. That is, the observed changes are con-
sistent with melted material flowing under the forces of surface tension.

Some of the melted material possibly has spattered or splashed onto the sur-
rounding area (Fig. 2-19(d)). This spattering, if it took place, was probably
the result of included elements or compounds flashing to vapor when the tungsten
melted. The melting supports Bessling's theory of localized intense currents
and heating.13 The large area-to-volume ratio for the original shape (Fig. 2-
18(b)) was conducive to melting. As indicated by Bessling, calculated tempera-
tures are marginal for thoriated tungsten (with mercury propellant), so may
only be observed with large area-to~volume ratios. It appears highly likely
from the SEM photographs, then, that localized orifice temperatures can greatly
exceed the average tip temperature. It also appears likely that these high
localized temperatures are involved in electron emission.

Additional SEM photographs (not shown) were taken of the orifice region
at various angles. The great depth of field possible with the SEM permits
such photographs to be used to construct an accurate profile of the downstream
end of the orifice, where most of the wear takes place. This technique should

permit estimates of cathode lifetime from runs of only a few tens of hours.
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HOLLOW CATHODE PERFORMANCE CORRELATION
The past development of hollow cathodes has been accomplished with mostly
trial-and-error methods. Better understanding of hollow cathode operation
would hopefully permit a more systematic approach to the development of a new
design. One approach to organizing available data is to correlate the perfor-
mance with suitable parameters. Progress using this approach is described

in this section.

One parameter of apparent significance is the ratio of orifice diameter
to a mean free path, d/%. To obtain an expression for this parameter, one
can start with the flow rate of neutrals.

- 2 ’s
A -
Jo *n v Aq = nod (T/W) (2-1)

Here JO is the equivalent neutral current, n is the neutral density, v is
the average neutral velocity, A is the effective orifice exit area, q is the
electronic charge, d is the orifice diameter, T is the neutral temperature,
and W is the neutral atomic weight. (A more thorough development of neutral
flow through an orifice is given by Rehn.l6) The neutral temperature is
assumed to be nearly a constant for all cathodes. The justification for this
assumption comes from the nearly constant tip temperatures that are used,
together with the thrust observations of Snyder and Banks.l7 Snyder and

Banks measured the thrust of a hollow cathode with and without a discharge

at the same propellant flow rate and the same tip temperature. The thrust
typically increased by only 28 percent with a discharge, indicating a neutral
temperature increase of 64 percent., Despite the high localized temperatures
of Bessling, then, the average neutral temperature appears to be approximately
governed by the tip temperature. With temperature a constant, solving expression

(2-1) for neutral density gives
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1
n «J Wdl. (2-2)
o o
The mean free path is

2 1
L = l/noc < d /JOW o, (2-3)

where ¢ is the cross section for the pertinent collision process. The desired

expression for d/% can therefore be written as

1
d/ « Jowzc/d (2-4)

The parameter JOW%G/d is related to the simpler parameter Jo/d used by
Kaufman to correlate spot-plume transitions with mercury propellant.18
For a single propellant, both W and ¢ can be assumed to be constants, hence

1
Jowza/d reduces to Jo/d.

The collision parameter Jowzc/d can be interpreted in at least two ways,
depending on the cross section used. 1If the cross section for electrons to
ionize neutrals is used, then the parameter indicates the probability of ion
production by electrons emitted in the orifice. If the ion-neutral collision
cross section is used, then the parameter indicétes the probability of ions
being carried out the orifice with the neutral gas. Inasmuch as the different
cross sections are nearly proportional for the different inert gases used
herein, the particular selection of cross section is probably not important
for these gases.

Another parameter of interest is the electron temperature. The overall
coupling voltage V would be expected to be roughly proportional to electron
temperature and is easier to measure. For the effects of different pro-

pellants, the electron temperature should vary as the ionization potential

$.. An appropriate correlation parameter for electron temperature, then is
i

v/o, .

1
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For a third parameter, we turn to the high-field emission aspect. As
discussed in the Operating Mode and Electron Emission section, high electric
fields at the wall of the orifice are believed to enhance electron emission
from localized hot spots. The localized effects involve local heating,
which enhances local electron emission, which increases local ion production
and local electric field. The localized effects are not convenient to
include in an overall performance parameter, though. A mean value of electric
field will therefore be used instead. The electron emission and electron

density are related by

J *=nvAq<=n d2 . (2-5)
e ee e i

Ny

Solving for electron density, we find

2.5
n, Je/d o.; . (2-6)

=

The Debye length is
L T /n)? / )l/2 (2-7)
[ o . -
D ( e ne) (¢i ne
With the substitution of electron density,
1
a/J: . (2-8)
The electric field is a voltage (proportional to ¢i) divided by a length
(proportional to ﬁD).
E o« J%.,/d (2-9)
e'i
To obtain the first power of emission current Je’ expression (2-9) is
squared.
2 5, .2
2-10
E” = J ¢;/d ( )
The square of the electric field at the orifice wall should thus be

L, 2
proportional to Je¢i/d .
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Hollow cathode performance is typically presented in terms of the
propellant flow, the coupling voltage, and the emission. To make the
generalized performance plot relate to these usual presentations, JOW%G/d
will be called the mass flow parameter, V/cbi will be called the coupling
voltage parameter, and Jecblf/d2 will be called the emission parameter.

The coupling voltage parameter is plotted against the emission parameter
for different values of mass flow parameter in Fig. 2-20. The current Je in
the emission current parameter includes both coupling current and keeper
current. The cross section used in the mass flow parameter was the maximum
value for ionization of neutrals by electrons. (The values used were
3x10—20m2 for argon, 4.5x10_20m2 for krypton, and 5x10-20m2 for xenon.) All
the data shown were obtained using a conventional hollow cathode as a neutral-
izer for a 15-cm thruster. The same inert gas was used for both the thruster
and neutralizer. Tip temperatures ranged from 1040 to 1140°C. Three pro-
pellants were used, with two orifices tested with argon.

The data of Fig. 2-20 splits into two fairly distinct branches at higher
coupling voltages. The left and right branches give substantially different
emission currents for the same coupling voltage and are assumed to be asso-
ciated, respectively, with plume and spot modes. It might be assumed that
no distinction can be made between the plume and spot modes at low coupling
voltages. Visual observations were, as indicated earlier, somewhat ambiguous.
Operation at low coupling voltages, however, clearly showed a visible plume.
It is tentatively suggested that all of Fig. 2-20 be considered the plume
mode, with the exception of the right branch. Such an interpretation is

consistent with the definition of the spot mode as operation with a high

value of dJ/dV. From Fig. 2-20, the spot mode appears to be
dJ/av > J/v (2-11)

when defined in this manner.
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The two branches shown in Fig. 2-20 are associated with different ranges

of mass flow parameter. No plume mode data (at high coupling voltages) were

20 . . L 2
. (The units are A-equivalent (AMU) “m /mm.) On

the other hand, no spot mode data were observed below 12.0x10—20. The

obtained above 13.9x10

transition range for mercury propellant was 0.14 to 0.40 for Jo/d (A-equiv-

alent/mm). Using a cross section of 5x10_20m2 for mercury, the equivalent

range in JOW%O/d is 10 to 28x10-20. The mercury propellant data were obtained
over a wider range of cathode sizes, tip temperatures, and coupling configu-
rations than the data of Fig. 2-20, so that the wider transition range is not
surprising.

The correlation parameters shown in Fig. 2-20 were only three of many
that were tried. Several other parameters tried were proportional to the
ratio of Debye distance to orifice diameter. The use of this latter ratio
is consistent with the earlier viewpoint that transition from plume to spot
mode results from the Debye distance becoming small enough for the discharge
plasma to penetrate the orifice. Parameters proportional to this ratio,
however, did not give any correlation approaching that shown in Fig. 2-20.
This lack of correlation, together with the recent plasma property measure-
ments of Wilbur,lo strongly indicate that the Debye distance is small compared

to the orifice diameter in any operating condition normally of interest in

electric propulsion.
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III - ARGON-XENON DISCHARGE CHAMBER MODEL FOR

THE PRODUCTION OF DOUBLY CHARGED IONS
THEORY

by Paul J. Wilbur

The ion thruster discharge chamber model developed by Petersl
has been adapted for use with argon and xenon propellants. In discuss-
ing this model argon will be used as an example but the same basic
equations and reactions will apply to xenon when such constants as
the xenon atomic weight are substituted.

The reactions considered important in this analysis are:

Ar + e =+ Ar+ + 2e
Ar + e - Ar++ + 3e

+ - ++ -
Ar + e -+ Ar + 2e

and the electrons inducing these reactioﬁs are assumed to consist of a
Maxwellian group and a monoenergetic or primary group. Once the ionic
argon states have been produced, they are assumed to migrate to the
boundary of the ion production region where they either recombine with
an electron and are returned to the chamber as neutral argon or are
extracted from the chamber through the accelerator grids and replaced
by atoms from the propellant feed system. Ions migrate at a rate
determined by the Bohm criterion for a stable sheath.2 By equating
the production and loss rates of singly charged ions the ratio of
neutral atom-to-singly charged ion densities can be determined. The

resultant equation is:
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where

o+

mx
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e Y
. [mi me 1+ npr/nmx)]

A R g tE ) e of @)

(3-1)
+ P

neutral atom density (m—3)

singly charged ion density (m—3)

volume-to-surface area ratio of the primary electron
(ionizing) region (m)

electronic charge (1.6 x 10_19 coul).

ion mass (kg)

Maxwellian electron temperature (eV)

Primary electron density (m_3)

Maxwellian electron density (m_3)

Primary electron energy (eV)

Plasma uniformity factor relating singly charged ion flux

at the boundary to that in the body of the ionizing plasma —-
See Petersl for additional discussion,

Primary Rate Factor (electron velocity-cross section product)
for the neutral~to-singly ionized reaction induced by primary
electrons at an energy gpr' Figures 3-1 and 3-2 are plots of
this quantity for both the argon and xenon reactions.
Maxwellian Rate Factor (electron velocity-cross section product)
for the neutral-to-singly ionized reaction calculated over the
Maxwellian distribution function for electrons at a temperature
T _« Figures 3~3 and 3-4 are plots of this quantity for the

mx

argon and xenon reactions.
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Cross sections used to calculate P: and Q: and other rate factors
used in this analysis have been obtained from Kieffer and Dunn.

When one equates the production and loss relations for doubly charged
ions to determine the equilibrium doubly-to~singly charged ion density ratio

the following expression is obtained:

iy -+ o ++ o 4+
7;—_= /A F++ [npr (P+ (gpr) + n, Po (gpr)) + nmx (Q+ (me) + n, Qo (me))]
+ + +
, S - e e (3-2)
Y
e
(2T, G Ppr/ P

Most of the symbols in equation (2) have been defined but the following have

not:
F++ = Plasma uniformity factor relating doubly charged ion flux at the
boundary to that in the body of the ionizing plasma —- See Petersl for

additional discussion.

Pi+ (Epr) = Primary Rate Factor for the singly-to-doubly charged ionizing
reaction induced by primary electrons at an energy gpr' This quantity is
plotted in Figs. 3~5 and 3-6.

P:+ (Epr) = Primary Rate Factor for the neutral-to~doubly charged ionizing
reaction induced by primary electrons at an energy Epr. This quantity is
plotted in Figs. 3-7 and 3-8.

QI+ (me) = Maxwellian Rate Factor for the singly-to-doubly charged ionizing
reaction calculated over the Maxwellian distribution function for electrons
at a temperature me. This quantity is plotted in Figs. 3-9 and 3-10.

++

Q0 (me) = Maxwellian Rate Factor for the neutral-to-doubly charged ionizing

reaction calculated over the Maxwellian distribution function for electrons
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at a temperature me. This quantity is plotted in Figs. 3-11 and 3-12,

The data used to construct Figs. 1-12 are also presented in Table 3-1.

MODEL VERIFICATION

Simultaneous measurements made by Isaacson4 of plasma properties and
doubly-to-singly charged ion ratios in a multipole thruster have been used
to evaluate the validity of the model proposed. These data were collected
over a range of thruster lengths and argon and xenon flow rates in a 15 cm
diameter thruster. Plasma properties were obtained using Langmuir probes
and doubly-to-singly charged ion densities were determined from doubly-to-
singly charged ion current density measurements made in the ion beam using
a mass spectrometer.

Figure 3-13 shows the correlation between the measured values of doubly-
to-singly charged ion density ratios and those obtained using measured plasma
properties in the model discussed herein. Each data point shows the measured
and calculated density ratio for a different thruster length or flow rate.
The 45° line drawn through the data corresponds to perfect correlation be-
tween the results of the model and the measured double-to-singly charged
ion density ratios. The data are seen to lie close to the line with all
but one point enclosed within the * 207 error band. The number next to
each data point is the number of multipole thruster side sections on the
thruster configuration used in the corresponding test. The number four,
for example, indicates four side sections were used and since each section
is 2.7 cm long this configuration would have had a total length of 10.8 cm.

Doubly-to-singly charged ion density ratios were observed to be much
lower with argon than they were with xenon. This can be seen in the data
of Figure 3-13. The model shows the reason for this is the smaller argon

cross sections and the lower argon mass, both of which appear in the nu-
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A=~ (R N - N VLB - R W)

10
12
15
18
21
24
27
30

%

(m3/sec)

0.019 x 107 %%

0.086
0.22
0.41
0.66
0.95
1.26
1.58
2,25
3.24
4,15
4.98
5.72
6.38
6.98

0.009 x 10”13

0.032
0.071
0.12
0.18
0.24
0.31
0.37
0.50
0.67
0.82
0.95
1.06
1.16
1.25

Q++

o
(m3/sec)

0.004 x 1071

0.012
0.029
0.057
0.099
0.23
0.55
0.99
1.52
2.10
2.71
3.33

0.0003 x 107+
0.0018
0.0063
0.016
0.032
0.055
0.085
0.166
0.327
0.517
0.721
0.925
1.13
1.32

Table 3~1 - Rate Factors

ARGON

o’

(m3/sec)

0.0001 x 10~

0.002
0.008
0.025
0.053
0.097
0.15
0.23
0.40
0.73
1.10
1.49
1.88
2.25
2.61

XENON

0.002 x 1014

0.014
0.051
0.12
0.23
0.37
0.53
0.73
1.16
1.89
2.63
3.35
4.02
4.65
5.22

Energy
(eV)

5
10
15
20
25
30
35
40
45
50
60
70
80
90

100

10
15
20
25
30
35
40
45
50
60
70
80
90
100

P+
o

(m3/sec)

0.002 x 107%

0.17
0.39
0.60
0.77
0.89
0.99
1.06
1.15
1.26
1.32
1.35
1.33

.13

.63
1.00
1.29
1.51
1.64
1.74
1.79
1.82
1.97
2.10
2.18
2.19
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~-13
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(m3/sec)

= = 2 O © O O
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v

.065
.50
.27
.86
.64

N = o O

3.63
3.99
4.36

X

P

4+
+

(m3/sec)

0.245
1.04
1.90
2.76
3.55
4.89
5.94
6.73
7.33
7.83

0.071
0.25
0.42
0.57
0.69
0.80
0.97
1.09
1.18
1.24
1.29

10
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~13
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merator of equation (3-2).

Consideration of the relative magnitude of each of the terms of Equa-
tion (2) shows the relative contribution of each of the processes and
ionizing species considered in the analysis. Such an examination reveals
that doubly charged ions are produced by both primary and Maxwellian
electrons in significant numbers for both argon and xenon. Likewise
doubly charged ions are produced by both one (neutral-to-doubly ionized)
and two step (neutral-to-~singly ionized followed by singly-to-doubly ifonized)

processes.

CONCLUSION
The model developed by Peters1 to calculate the ratio of doubly-to-
singly charged ions in a mercury discharge chamber can be applied for similar
calculations in argon and xenon plasmas. Only neutral, singly ionized and
doubly ionized ground state atoms need be considered in the analysis.
Double~to-single ion density ratios claculated from average plasma properties
in the discharge chamber can be expected to agree with measured values to

within * 20%.
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IV - PROPELLANT ISOLATOR

by Raymond S. Robinson

Supplying a propellant to a thruster usually requires
electrical isolation between the discharge chamber and the source of
the propellant, which is usually at ground (spacecraft) potential. The
arrangement of thruster and isolator used in this investigation is shown
in Fig. 4-1. Stainless steel tubing with an inside diameter of 1.6 mm
was used between the gas supply and the isolator, and between the isolator
and the thruster. About 8 cm of tubing were used between the isolator
and a manifold, from which four tubes went to the thruster (only two
shown in Fig. 4-1). The shortest of these four tubes was about 15 cm,
so that the minimum tube length from the isolator to the thruster was
about 23 cm. There was an additional several centimeters of path length
in the propellant distributor within the thruster.

The isolator configurations tested are shown in Fig. 4-2. Aluminum
oxide tubing with an inside diameter of 3.2 mm was used for all the isolator
bodies. Configuration I was a simple tube with an insulating length of
7.7 cm. For configuration II, the insulating length was increased to 18.4 cm.
The configuration II isolator body was used in configuration III, but two
de-ionizing pads of fine steel wool were also used. These pads were about
0.5 cm long and located so that the tube was divided into three equal

segments. The propellant was argon.

The test results are shown in Fig. 4-3 for an operating thruster.
Breakdowns were observed as current surges of several hundred milliamperes in the
beam power supply, together with bright blue or pink glows through the isolator
walls. Configurations I and II were single segment isolators, so the

breakdown potential difference shown was for the entire isolator. Flows
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ranged from 630 to 1000 mA-equivalent for configuration I and from

600 to 1200 mA-equivalent for configuration II. Note that there was

no significant difference in breakdown voltage for more than a factor
of two increase in length. For configuration III, the voltage per seg-
ment was assumed to be one-third of the total voltage. This assumption
gave a breakdown voltage per segment of about two-thirds of the values
found for configurations I and II. This difference indicates that the
voltage division between segments might be less even than assumed. The
flows ranged from about 90 to 1000 mA-equivalent for configuration III.
Several hours of operation were observed at 1000 V (333 V per segment)
with no breakdowns at 600 mA-equivalent, or more. This absence of
breakdown is indicated in Fig. 4-3 by the absence of an upper error bar
for that configuration.

Observations were also made with similar propellant flows, but no
thruster discharge. The breakdown potential differences under these
conditions were several times as high as those shown in Fig. 4-3. From
visual observations of the breakdowns, there was no doubt that the break-
downs were occurring inside of the isolator both with and without dis-
charge. Apparently, then, some charged particles were able to traverse
the stainless steel tube between the thruster and the isolator. This
traversal is impressive inasmuch as the tubing was curved and had a
total length-to-diameter ratio greater tham 140:1. Because charged

particles could reach the isolator from the thruster, an additional steel

wool pad between the isolator and the thruster would be expected to improve

the isolator performance.
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V - CONCLUDING REMARKS

As mentioned in the Introduction, the advances in discharge-chamber
technology obtained under this Grant have been included in an earlier pub-
lication.

Hollow cathode data were obtained for a wide range of operating condi-
tions. No lifetime tests were conducted, but some neutralizer test conditions
gave plasma coupling voltages at or below the sputtering threshold. Such
conditions should permit long operating lifetimes.

All experimental observations of hollow cathodes were consistent with
a single comprehensive theory of operation. That theory assumes a combination
of thermionic and high field emission at localized areas within the orifice.
This emission is assumed to exist at all conditions normally of interest in
electric propulsion and supplements the emission from the insert. The
emission from localized hot spots is supported by scanning electron micro-
scope (SEM) photographs, which indicate localized melting has occurred at
the tungsten tip near the orifice. 1In this theory, the difference between
spot and plume modes is a function primarily of the neutral density at the
exit of the orifice. 1In the spot mode, a high neutral density carries the
ions into the plume region, effectively neutralizing the space charge of the
electrons. In the plume mode, the low neutral density does not carry the ions
in this manner. Instead, the ions are generated within the plume region,
giving rise to the usual glow associated with this mode. With inert gases,
though, the absence or presence of this glow was found to be a less definitive
indicator of mode than with mercury.

Experimental hollow cathode performance with argon, krypton, and xenon

propellants was correlated. Two orifice sizes were used with argon and
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a range of flow rates was used with each of the three propellants. The para-
meters used in this performance correlation are consistent with the theory
described above. For example, the emission parameter used is proportiomnal to
the square of the electric field in the orifice sheath. Also, the flow para-
meter that indicates the transition between spot and plume modes is propor-
tional to the orifice diameter divided by mean free path. The degree of
correlation obtained was excellent, considering the preliminary nature of the
correlation study.

The basic theory for production of doubly ionized argon and xenon has

been completed. Experimental measurements of the doubly ionized fraction

agree with theory within about *20 percent for the configurations and operating

conditions tested. Both the neutral to doubly ionized and singly to doubly

ionized processes are important in this theory. This result differs from

that of mercury propellant, where the neutral to doubly ionized process was less

important. Because both processes are important with argon and xenon, decreas-
ing the discharge density will not be as helpful as with mercury in reducing
the fraction of doubly ionized atoms.

For the isolator segment lengths investigated, the breakdown voltage per
segment ranged from 300 to over 500 V. Multiple segment isolators should
permit any reasonable total isolation voltage for electric propulsion to be
sustained without breakdown. The difference between an operating discharge
chamber and no discharge was a factor of several in isolator breakdown voltage,
clearly indicating that some charged particles can traverse a feed tube with

a length-to-diameter ratio of more than 140:1.
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